Aims/hypothesis We recently described that carotid body (CB) over-activation is involved in the aetiology of insulin resistance and arterial hypertension in animal models of the metabolic syndrome. Additionally, we have demonstrated that CB activity is increased in animal models of insulin resistance, and that carotid sinus nerve (CSN) resection prevents the development of insulin resistance and arterial hypertension induced by highenergy diets. Here, we tested whether the functional abolition of CB by CSN transection would reverse pre-established insulin resistance, dyslipidaemia, obesity, autonomic dysfunction and hypertension in animal models of the metabolic syndrome. The effect of CSN resection on insulin signalling pathways and tissue-specific glucose uptake was evaluated in skeletal muscle, adipose tissue and liver. Methods Experiments were performed in male Wistar rats submitted to two high-energy diets: a high-fat diet, representing a model of insulin resistance, hypertension and obesity, and a high-sucrose diet, representing a lean model of insulin resistance and hypertension. Half of each group was submitted to chronic bilateral resection of the CSN. Age-matched control rats were also used. Results CSN resection normalised systemic sympathetic nervous system activity and reversed weight gain induced by high-energy diets. It also normalised plasma glucose and insulin levels, insulin sensitivity lipid profile, arterial pressure and endothelial function by improving glucose uptake by the liver and perienteric adipose tissue. Conclusions/interpretation We concluded that functional abolition of CB activity restores insulin sensitivity and glucose homeostasis by positively affecting insulin signalling pathways in visceral adipose tissue and liver.
Introduction
Carotid bodies (CBs) are peripheral chemoreceptors that classically sense hypoxia, hypercapnia and acidosis, responding via increased action potential frequency in their sensory nerve, the carotid sinus nerve (CSN). CSN activity is integrated in the brainstem to induce respiratory responses, aimed primarily at normalising blood gases via hyperventilation [1] , and regulating blood pressure and cardiac performance via sympathetic nervous system activation [2] . In the last decade, CBs have been described as a major metabolic sensor, implicated in energy homeostasis [3, 4] . We reported that animal models of the metabolic syndrome displayed abnormal patterns of CB activity [5] , associated with hyperinsulinaemia. We demonstrated that insulin stimulates the peripheral chemoreceptors in CBs, crucial for triggering CB-induced sympathoadrenal overactivity, contributing to the vicious cycle of insulin resistance (IR) and hypertension seen in metabolic disorders [5] . The involvement of CBs in the control of metabolic homeostasis is also supported by clinical data: type 2 diabetes patients who underwent functional suppression of CB activity (via hyperbaric oxygen therapy) showed improved glucose tolerance and significantly reduced plasma glucose levels [6] [7] [8] [9] [10] . It has also been reported that oxygen therapy significantly decreases systolic blood pressure in both type 2 diabetic and hypertensive patients [11] and improves insulin sensitivity in diabetic patients [8] , without changing insulin levels [7] . CBs have recently been considered a novel target for regulating peripheral insulin sensitivity.
We tested whether abolition of CB activity would, with sustainable efficacy, reverse pre-established IR, glucose intolerance, dyslipidaemia and hypertension in animal models of the metabolic syndrome. We also aimed to clarify the mechanisms of action underlying this effect. We hypothesised that CSN transection would improve peripheral insulin action via modification of insulin signalling pathways and tissuespecific glucose uptake in classical insulin-target tissues such as skeletal muscle, adipose tissue and liver. Since the sympathetic nervous system is the natural effector of CB activation, the reversal potential of CSN denervation on pre-existing sympathetic overactivation was evaluated in animal models of diet-induced metabolic disease.
Methods
Animals and experimental procedure Diets and animal care Experiments were performed in 3-month-old male Wistar rats (200-420 g) obtained from the vivarium of the Faculdade de Ciências Médicas, Universidade Nova de Lisboa, Lisboa, Portugal. After randomisation, the animals were assigned to one of three groups: (1) the highsucrose diet-fed (HSu) group, fed 35% (wt/vol.) sucrose (PanReac, Madrid, Spain) in drinking water for 28 days representing a lean model of combined IR and hypertension [5, 12] ; (2) the high-fat diet-fed (HF) group, fed a 45% fat diet (45% fat + 35% carbohydrate + 20% protein; Mucedola, Milan, Italy) for 21 days. This model combined obesity, dyslipidaemia, IR and hypertension [13] [14] [15] ; and (3) an age-matched control group, fed a regular chow diet (see electronic supplementary materials [ESM], reagents and antibodies for details). HSu rats were fed for 28 days because the animals were neither insulin resistant nor hypertensive at 21 days (data not shown). Animals were kept under temperature and humidity control (21 ± 1°C; 55 ± 10% humidity) with a 12 h light/12 h dark cycle and were given ad libitum access to food and water. Body weight was monitored two times per week, and energy and liquid intake were monitored daily. Laboratory care was in accordance with the European Union Directive for Protection of Vertebrates Used for Experimental and Other Scientific Ends (2010/63/ EU). Experimental protocols were approved by the Faculdade de Ciências Médicas Ethics Committee. In subsequent experiments, experimenters were blinded to group assignment and outcome assessment.
CSN transection protocol After evaluation of insulin sensitivity using an insulin tolerance test (ITT) on day 21 for the HF group and day 28 for the HSu group [5, 12] , animals were submitted to bilateral CSN transection under ketamine (30 mg/kg)/xylazine (4 mg/kg) anaesthesia and buprenorphine (10 μg/kg) analgesia [5] . The controls for each of the feeding groups were submitted to a sham procedure (n = 8/10 per group).
Unilateral CSN transection A group of HF rats (n = 8) was submitted to unilateral CSN transection to evaluate whether this would sufficiently improve insulin sensitivity.
In vivo analyses After surgery, animals continued their respective high-fat and high-sugar diets during both the recovery period and the remaining experimental period (3 weeks). Fasting glucose, insulin sensitivity and body weight were evaluated weekly during this time.
Sustained effects of CSN transection A group of sucrose-fed rats (n = 8) was monitored for 11 weeks after denervation to assess whether the recovery of metabolic variables would be sustained for >3 weeks.
Insulin tolerance test
Insulin sensitivity was evaluated using an ITT [5] after overnight fasting. Briefly, fasting blood glucose was measured and immediately followed by an insulin bolus (100 mU/kg), administered via the tail vein. Subsequently, the decline in plasma glucose concentration was measured over a 15 min period (ESM Methods for full details).
Quantification of serum biomarkers
Three weeks post-CSN transection, the animals were anaesthetised with pentobarbital (60 mg/kg i.p.), and CSN resection was confirmed by the absence of hypoxia-induced hyperventilation during occlusion of the common carotid artery [5, 16] . Measurement of mean arterial pressure and blood concentrations of insulin, C-peptide, lipids, nitric oxide and catecholamines was performed as previously described [5, 17, 18] . Insulin and C-peptide were measured by ELISA kits (Mercodia AB, Uppsala, Sweden). Lipid profile was determined using a RANDOX kit (RANDOX, Porto, Portugal) to determine total cholesterol and triacylglycerols by Trinderbased colourimetric end-point assays, and HDL-cholesterol and LDL-cholesterol by a direct-HDL and direct-LDL clearance method, respectively. Catecholamines were assessed by HPLC with electrochemical detection (see ESM Methods for full details).
In vivo tissue-specific glucose uptake
The effect of CSN resection on glucose uptake by the liver, skeletal muscle, pancreas and adipose tissue was evaluated in a group of HF rats after an IVGTT with 2-deoxy-D- [ [19] (see ESM Methods for details).
Western blots
Skeletal muscle, liver and perienteric adipose tissue were collected and GLUT4, GLUT2, insulin receptor, phosphorylated insulin receptor, Akt and phosphorylated Akt levels were evaluated, as previously described [17, 20] (see ESM Methods for further details, including reagents and antibodies).
Sympathetic activity analysis
The balance between sympathetic and parasympathetic components of the autonomic nervous system was evaluated by power spectral analysis of heart rate variability [21] [22] [23] [24] , and by measurement of circulating and adrenal medullary catecholamines [13, 23] (see ESM Methods [Evaluation of spectral modulation of heart rate] for details).
Statistical analysis
Data were evaluated using GraphPad Prism Software, version 6 (GraphPad Software, La Jolla, CA, USA) and presented as mean values and SEM. The significance of the differences between the mean values was calculated by one-and two-way ANOVA with Bonferroni multiple comparison tests. Differences were considered significant at p < 0.05.
Results

Body weight and energy intake
Animals were randomly allocated to the HSu and HF groups, submitted to the respective diet protocol and then randomly allocated to CSN transection or sham surgery in which the CSN was left intact. The sham procedure did not alter body weight and energy intake in comparison with the respective controls (data not shown). Bilateral CSN resection was confirmed by the absence of increased ventilatory responses to ischaemic-hypoxia during common carotid artery occlusion (data not shown). Bilateral CSN resection and the sham procedure did not significantly modify animal behaviour or energy intake, measured as the average energy intake per day during the 3 weeks after CSN denervation (data not shown).
Bilateral CSN transection restores fasting plasma glucose and insulin sensitivity in animals continuously submitted to high-energy diets IR was confirmed before and after surgery by an ITT (data is presented as the constant of the rate of glucose disappearance [K ITT ]). Figure 1 illustrates the effect of CSN transection on fasting plasma glucose and insulin sensitivity in control (Fig. 1a, b) , HSu (Fig. 1c, d ) and HF (Fig. 1e , f) animals, 3 weeks after surgery. Bilateral CSN ablation did not modify fasting plasma glucose in either control or HF animals ( Fig. 1a, e) . However, the high-sucrose diet significantly increased fasting plasma glucose, by 49%, whilst physiological glucose levels were restored as early as 1 week after CSN resection (controls, 4.63 ± 0.1 mmol/l; HSu 1 week after CSN resection, 4.61 ± 0.2 mmol/l) and were sustained in the ensuing 3 weeks (Fig. 1c) . Compared to controls, the highsugar and high-fat diets also decreased insulin sensitivity by 47% ( Fig. 1d ) and 40% ( Fig. 1f) , respectively. One week after CSN transection, insulin sensitivity was restored in HSu animals and partially restored in HF animals. Two weeks after CSN transection, insulin sensitivity was totally restored in both animal models, an effect that was sustained until the third week after CSN transection (Fig. 1d, f) . Insulin sensitivity in control animals was not affected by CSN transection (Fig. 1b) .
To test whether unilateral CSN transection was sufficient to improve insulin sensitivity, unilateral surgical ablation was performed in an independent subgroup of HF rats. Unilateral transection did not completely restore insulin sensitivity to physiological values in HF rats (Fig. 1g) . Additionally, insulin sensitivity was monitored in a subgroup of HSu rats for 11 weeks post-surgery to evaluate whether the insulin-sensitising effect induced by bilateral CSN surgical ablation would be maintained.
At the end of the 11-week period, insulin sensitivity was maintained at values similar to those of controls (Fig. 1h) .
CSN transection restores plasma insulin and C-peptide in animal models of impaired insulin sensitivity Table 1 displays the effect of CSN transection on plasma insulin and C-peptide concentrations. Compared to control animals, HSu and HF animals showed increases in plasma insulin of 123% and 120%, respectively. C-peptide levels were significantly increased, by 66% and 82% in HSu and HF rats, respectively. CSN transection did not modify either plasma insulin or C-peptide levels in control animals. However, in HSu and HF rats, CSN transection restored plasma insulin and C-peptide levels to levels similar to control values, showing that insulin secretion was regulated by CSN ablation (Table 1) .
CSN transection improves insulin signalling in skeletal muscle and adipose tissue in animal models of impaired insulin sensitivity Figure 2 shows western blot results for key proteins involved in insulin signalling pathways in insulin-sensitive tissues. In the skeletal muscle of HSu and HF animals, insulin receptor levels decreased significantly by 49% and 48%, respectively (Fig. 2a) . Levels were restored in HSu and HF rats 3 weeks after CSN transection (Fig. 2a) . Insulin receptor activity, as assessed by insulin receptor Tyr1361 phosphorylation, also decreased in both HSu and HF groups, by 47% and 31%, respectively (Fig. 2b) . Chronic CSN transection not only restored, but actually increased, insulin receptor phosphorylation in control, HSu and HF animals, by 98%, 56% and 98%, respectively, relative to controls (Fig. 2b) . HSu rats were also observed to have reduced levels (46% decrease) of GLUT4, which were fully restored 3 weeks after CSN transection, to levels similar to healthy controls (Fig. 2c) .
In HSu and HF rats, insulin receptor levels were significantly decreased in adipose tissue, by 26% (Fig. 2d) . CSN resection completely restored insulin receptor levels in HSu animals, but not in the HF, group (Fig. 2d) . Similarly, insulin receptor phosphorylation decreased by 35% and 38% in HSu and HF animals, respectively, and CSN transection completely restored insulin receptor activity (Fig. 2e) . The high-sugar and high-fat diets significantly decreased GLUT4 levels in adipose tissue, by 21% and 16%, respectively (Fig. 2h) , and Akt values by 47% and 36%, respectively (Fig. 2f) . CSN transection overturned the effect of the high-energy diets on adipose tissue levels of both GLUT4 and Akt (Fig. 2f, h ). Akt activity decreased significantly, by 45% and 21% in HSu and HF rats, respectively (Fig. 2g) . CSN transection increased Akt phosphorylation by 44% and 39% in HSu and HF animals, respectively (Fig. 2g) . In liver, insulin receptor levels and activity were not altered by either high-energy diets or CSN transection (Fig. 2i, j) . In contrast, CSN ablation increased GLUT2 levels in HF animals by 40%, compared with controls (Fig. 2k) .
CSN transection restores whole-body glucose tolerance, and liver and visceral adipose tissue glucose uptake in HF animals
The effect of chronic bilateral CSN resection on glucose uptake was evaluated using 2-deoxy[ 3 H]glucose IVGTT. For these experiments, the HF model was selected because of its obesity phenotype and was compared with controls. Figure 3 shows similar IVGTT results to those observed in Fig. 1 for the ITT, as shown by the significant increase in the area under the glucose excursion curve in this group (controls, 1.6 × 10 7 ± 6.5 × 10 5 ; HF rats, 2.1 × 10 7 ± 1.7 × 10 6 , Fig. 3b ). Three weeks after CSN transection, glucose tolerance was restored in HF animals, shown by a decrease in AUC to values similar to those of control rats that had undergone the sham procedure (AUC HF with transected CSN, 1.6 × 10 7 ± 7.1 × 10 5 ). After 6 weeks of the high-fat diet, the glucose metabolic index (Rg′), which evaluates glucose uptake, decreased by 42% and by 43% for the liver and pancreas, respectively. Glucose uptake by the soleus and gastrocnemius muscles did not significantly change, compared with controls (Fig. 3c) Fig. 3d ). No significant results were observed for epididymal and perinephric adipose tissue (Fig. 3d) .
CSN denervation ameliorates lipid profile in animal models of impaired insulin sensitivity
The HSu and HF animals showed no change in either total cholesterol or LDL-cholesterol (Table 2 ). In contrast, HDLcholesterol was decreased in HF animals by 28% and was restored to control values by CSN transection (Table 2) . Additionally, the HSu and HF rats had increased triacylglycerol levels by 75% and 47%, respectively; these values returned to control levels after CSN resection (Table 2) .
CSN transection normalises mean arterial pressure, nitric oxide metabolites and sympathetic activity in animal models of impared insulin sensitivity
In the current study, HSu and HF rats had a 39% increase in mean arterial pressure. These results are in line with the values previously obtained in our laboratory [5, 13] . Three weeks after CSN resection, mean arterial pressure was fully restored to control levels in both HSu (96.7 ± 11.8 mmHg) and HF (92.1 ± 9.6 mmHg) animals (Fig. 4a) . The effect of CSN resection on serum nitric oxide and its metabolites (NO + NO 3 ) is depicted in Fig. 4b . Although no significant effects were observed in HSu rats, the HF rats had significantly increased NO + NO 3 levels compared with controls (control, 10.6 ± 1.1 μmol/l; HF, 21.3 ± 2.0 μmol/l), with this effect being completely restored by chronic CSN resection.
Since CB overactivity contributes to the development of IR and hypertension through sympathoadrenal overstimulation [5] , we also analysed sympathetic nervous activity using spectral analysis of heart rate variability and via the measurement of circulating and adrenal medullary catecholamines. We observed that sympathetic activity was increased in the animals fed a high-energy diet and that this effect was normalised by CSN transection (see ESM Results and ESM Fig. 1 ).
Discussion
We have established that abolition of CB activity may represent a therapeutic strategy for pre-existing metabolic diseases. In HF and HSu rats, chronic bilateral CSN transection fully restored insulin action, fasting plasma glucose and insulin levels, blood pressure, and lipid profile to physiological values. It also restored insulin signalling pathways in skeletal muscle and adipose tissue. Additionally, CSN transection improved glucose uptake by the liver and perienteric adipose tissue concomitantly with restoration of autonomic imbalance. Another important observation was that the metabolic improvement induced by CSN surgical ablation was maintained, even when animals were continuously fed high-energy diets.
Effect of CSN transection on whole-body insulin action and insulin secretion
We have demonstrated that chronic bilateral CSN resection restored insulin action in animal models of impaired insulin sensitivity, an effect that was sustained over time, as demonstrated by improved insulin sensitivity in HSu animals 11 weeks after the intervention. The time frame of 11 weeks was chosen because the CSN starts to regrow 6 days after being cut and usually completely regenerates after 11-12 weeks [25] . We also evaluated the effect of unilateral CSN resection in HF animals, a procedure that was ineffective in restoring insulin sensitivity in this pathological model. Our results are supported by Fudim et al [26] , who demonstrated that the hypotensive effect of unilateral resection of CB tumours in patients with hypertension diminished over the long term. Moreover, Paton et al [27] also observed that, 12 months after unilateral CB ablation, the significant decrease in blood pressure initially observed was attenuated. These and our own results corroborate the hypothesis that unilateral denervation is compensated by the remaining CB, counteracting the beneficial effect of denervation. This suggests that bilateral denervation is needed to achieve a sustained effect on insulin action and glucose metabolism. Fasting plasma insulin and glucose were also normalised by bilateral CSN transection. These effects were accompanied by a re-establishment of endogenous insulin secretion, since we observed normalisation of both insulin and C-peptide levels. These results may be either an indirect consequence of improved peripheral insulin sensitivity or a direct effect of the CBs on neurally mediated insulin secretion. Koyama et al have previously demonstrated that CB ablation reduces basal glucagon secretion, and that this surgical approach may also affect insulin secretion [3, 28] .
Effect of CSN transection on glucose homeostasis
Bilateral CSN transection improved insulin signalling in skeletal muscle in the HF and HSu animal models tested; it fully restored insulin receptor and phosphorylated insulin receptor levels in both animal models, and increased GLUT4 levels in HSu animals. HF animals did not exhibit decreased GLUT4 expression in skeletal muscle, and CSN surgical ablation did not alter these values. The latter result is not unique as GLUT4 protein content is known to be normal in muscle from insulinresistant individuals; however, insulin-stimulated GLUT4 translocation is impaired in these patients [29] . Accordingly, despite the improvement in insulin receptor levels (phosphorylated and non-phosphorylated) in the skeletal muscle of HF animals after surgery, we did not observe significant changes in 2-deoxy[ 3 H]glucose uptake in either soleus or gastrocnemius muscles, which may be explained by a decrease in insulin-stimulated GLUT4 translocation in the muscle of HF animals. Nevertheless, this hypothesis remains speculative since we only assessed total GLUT4 levels and did not investigate translocation of this molecule. As expected, high-energy diets decreased the expression levels of insulin receptor, GLUT4 and Akt, as well as the phosphorylation of the insulin receptor and Akt in perienteric adipose tissue. Marked impairments in the insulin signalling cascade have been described in fat cells from both animal models and in patients with type 2 diabetes [20, [30] [31] [32] . In both HSu and HF rats, chronic CSN transection restored perienteric adipose tissue levels of Akt, phosphorylated Akt and GLUT4, so that they were similar to controls. This improvement in insulin receptor activation and protein levels in adipose tissue was accompanied by an increase in 2-deoxy[ ]glucose uptake assays were performed in the HF model, and not the HSu rats, due to their obesity phenotype -resembling the metabolic syndrome and diabetes in humans -and also because the adipose tissue in these rat models was most affected by bilateral CSN transection. These results strongly suggest that visceral/perienteric fat is one of the tissues under the metabolic control of CBs, and that CSN There were no significant changes in hepatic levels of insulin receptors and their phosphorylation in HF or HSu rats. However, GLUT2 levels and Rg′ were significantly increased in the liver of HF rats after surgery. It is conceivable that this may also contribute to the improvements in whole-body insulin action mediated by CSN transection. Cherrington's group [33] has shown that both sympathetic and nitrergic innervation of the liver exerts tonic repression of hepatic glucose uptake under feeding conditions. The consumption of high-fat and high-fructose diets impairs net hepatic glucose uptake and glycogen storage, and reduces glucokinase protein level and activity [34] . According to Cherrington's work, a tonic inhibition of hepatic sympathetic innervation improves hepatic glucose uptake, storage and output, leading to improved glucose homeostasis. This may be achieved by the inhibition of CB activity since this organ is directly linked to the sympathetic nervous system and has also been shown to be involved in a diminished counterregulatory response, by impacting the release of counterregulatory hormones, such as glucagon [28] . According to our results, one of the mechanisms by which sympathetic blockade increases hepatic glucose uptake appears to be an increase in GLUT2 levels in hepatocytes, and although we did not assess this in our work, an increase in glucokinase activity may also be involved. The dynamic IVGTT profiles observed indicate that CSN transection improves first-phase insulin secretion in both control and HF animals by lowering the maximum glucose concentration reached during the test. Additionally, the rapid uptake of glucose by the peripheral tissues may explain the steeper slope observed for the descending phase of the curve [35] .
Effect of CSN transection on haemodynamic homeostasis
Mean arterial pressure was fully restored to control levels in HSu and HF animals. This is in accordance with a recent proposal that carotid glomectomy may represent a powerful way to prevent excessive sympathetic discharge in diseases such as hypertension [36, 37] . Our results also show that CSN transection normalises NO + NO 3 in HF animals. Rats fed a high-fat diet are known to have higher levels of inducible nitric oxide synthase and increased inflammatory biomarkers [38] . Therefore, CSN resection ameliorates endothelial function, restoring NO + NO 3 levels to values similar to control. This may result from improved glucose and lipid homeostasis [38] , as well as from decreased mean arterial pressure and restoration of endothelial function. One of the concerns related to the surgical approach of CSN surgical ablation is that, as well as chemoreceptor activity, CSN carries baroreceptor information. It is well documented that resection of the baroreceptors can cause short-term fluctuations in blood pressure since baroreceptors play a major role in short-term regulation of blood pressure [39, 40] . These short-term fluctuations can be compensated in the long term [40, 41] , either by the central nervous system, by renal fluid volume-adjusting mechanisms [39] or by the aortic bodies, as evidenced by recent studies that have shown that the arterial baroreflex is a long-term regulator of blood pressure [42] [43] [44] . These long-term adjustments of the arterial baroreflex may explain the significant decrease in blood pressure after CSN transection that was observed in the present study.
Effect of CSN transection on lipid homeostasis
Increased plasma triacylglycerols and LDL-cholesterol, together with low HDL-cholesterol levels are central pathophysiological features of metabolic diseases. We observed that CSN denervation fully restored plasma triacylglycerols to control values and significantly increased HDL-cholesterol in the HF model. The major sources of triacylglycerol secretion by the liver are fatty acids from adipose tissue (released by lipolysis) or in the form of remnant lipoproteins, and hepatic de novo lipogenesis, which are all abnormally increased in IR. Whether the improved lipid profile observed in HF rats was indirectly caused by enhancement of insulin sensitivity or by the direct action of CSN-controlled sympathetic efferent pathways on the liver, as previously suggested [45, 46] , remains to be clarified.
Concluding remarks
Bilateral abolition of CB activity restores glucohomeostasis, lipohomeostasis and haemodynamic homeostasis in animal models of pre-established metabolic disease. These effects are sustained for at least 11 weeks after surgery. Additionally, the mechanism behind the repair of glucohomeostasis and lipohomeostasis involves an improvement in glucose uptake by the liver and re-establishment of glucose uptake by perienteric adipose tissue, concomitantly with an improvement in autonomic function. Our data represent proof of principle that abolition of CB activity reverses core features of metabolic disease, and highlight the importance of developing strategies to reduce neural activity in CBs.
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